Marine debris (MDs) produces a wide variety of negative environmental, economic, safety, health and cultural impacts. Most marine litter has a very low decomposition rate (plastics), leading to a gradual accumulation in the coastal and marine environment. Characterization of the MDs has been done in terms of their pollutant content: PAHs, ClBzs, ClPhs, BrPhs, PCDD/Fs and PCBs. The results show that MDs is not a very contaminated waste. Also, thermal decomposition of MDs materials has been studied in a thermobalance at different atmospheres and heating rates. Below 400-500 K, the atmosphere does not affect the thermal degradation of the mentioned waste. However, at temperatures between 500 and 800 K the presence of oxygen accelerates the decomposition. Also, a kinetic model is proposed for the combustion of the MDs, and the decomposition is compared with that of their main constituents, i.e., polyethylene (PE), polystyrene (PS), polypropylene (PP), nylon and polyethylen-tereftalate (PET).
Introduction

"Marine litter is defined as any persistent, manufactured or processed solid material discarded, disposed or abandoned in the marine and coastal environment"(Coe and Rogers,
This is a previous version of the article published in Marine Pollution Bulletin. 2017 Bulletin. . doi:10.1016 Bulletin. /j.marpolbul.2017 Bulletin. .02.022 1997 Galgani et al., 2010) . It consists of items that have been made or used by people and deliberately discarded into the sea or rivers or on beaches; brought indirectly to the sea with rivers, sewage, storm water or winds; accidentally lost, including material lost at sea in bad weather (fishing gear, cargo); or deliberately left by people on beaches and shores (UNEP, 2009 ).
The presence of marine debris is a cause for concern due to several reasons. It is known to be harmful to organisms and to human health (Coe and Rogers, 1997; Derraik, 2002; Gregory, 2009; Rochman et al., 2013b) , it has potential to increase the transport of organic and inorganic contaminants (Gaylor et al., 2012; Holmes et al., 2012; Mato et al., 2001; Rochman et al., 2013a; Teuten et al., 2009) , it presents a hazard to shipping, and it is aesthetically detrimental, and thus generating negative socio-economic consequences (Mouat et al., 2010) .
The material most commonly found in marine debris are glass, metal, paper and plastic (OSPAR, 2007) , and, according to the published literature, it is clearly apparent that, globally, plastic items are consistently the most abundant type of marine debris (OSPAR, 2007; Thompson et al., 2009; UNEP-CAR/RCU, 2008; UNEP, 2005 UNEP, , 2009 ). The most commonly used plastics are polyethylene (PE), polypropylene (PP) and polyethylene terephthalate (PET), therefore, they are the most frequently found in the marine environment too (Heo et al., 2013; Hidalgo-Ruz et al., 2012; Iñiguez et al., 2016; Martins and Sobral, 2011) .
Recent surveys estimate that between 4.8 and 12.7 million tons of plastic waste ends up in the world's oceans every year (Jambeck et al., 2015) . The annual input of plastics in the oceans increases every year. It is estimated that in 2015 around 9.1 million tons were accumulated. By 2025, the annual input of plastics to the sea would be about double what it was in 2010. By then, the total amount of plastic debris accumulated in the oceans around the world is estimated around 155 million tons (Jambeck et al., 2015) .
Pyrolysis and combustion have always been considered as attractive alternatives for waste disposal, since these techniques provide a reduction in volume of waste and also involve profitable energetic and/or chemical products. Thermal decomposition of waste can take place both in controlled conditions (incinerators, cement kilns…) and non-controlled conditions, for example, during fires or open-air burning. The substances emitted during non-controlled plastic thermal degradation may create a serious hazard for human health and for the environment (Iñiguez et al., 2016) .
Until now plastic fractions of marine debris have been landfilled because it was considered as a waste product with low value; however, today it is known that this waste has a great value and it is suitable for recycling, mainly by chemical or energy recovery, especially attractive for polyolefin waste (Hagstrom et al., 2006) . Some marine debris cannot be recycled or reused. On most countries, incineration is the most widely used process to treat marine debris (Jung et al., 2010) . In this process, the production of air pollutants requires special attention, since incomplete combustion of these can generate harmful gases. Furthermore, due to chlorine, generation of dioxins in this process is important and must be measured.
In the present work, characterization of the pollutant content of the MDs is done, and a kinetic model for their thermal decomposition is proposed, considering the decomposition in different atmospheres and heating rates.
Materials
Over several months, it has been carried out the MDs collection in areas near the ports of Torrevieja and Santa Pola (Mediterranean coast). The MDs sample used in this study was selected from the residues collected during one day, and has been considered representative of a conventional marine waste. The selection was made taking into account the major components, especially plastic ones, as well as the proportions in which each of the different collected residues are found in the sea.
Besides of the MDs, the five main plastics components in marine litter were studied for thermal decomposition (Iñiguez et al., 2016) . In this way, PE, PP, PET, Nylon and PS were subjected to decomposition in the thermobalance.
Methods and Equipment
Characterization of MDs
An elemental analysis was performed to a representative sample (carbon, hydrogen, nitrogen and sulfur) performed by oxidation of the sample to 1000 °C and subsequent detection of combustion products (CO 2 , H 2 O, N 2 and SO 2 ) that are separated into specific columns to be thermally desorbed thereafter. The gases pass separately by a thermal conductivity detector which provides a signal proportional to the concentration of each of the individual components of the mixture. The initial weight of the sample was 50 mg, and sulfamethazine was employed as internal standard. The equipment used was a Perkin-Elmer 2400 (Perkin-Elmer, UK); the amount of sulfur detected in this equipment was nil, and so an additional analysis was performed in a Total Carbon and Nitrogen Analyzer "TruSpec CN" LECO, with Sulphur module that used Vanadium Pentoxide. This analysis indicated that the amount of Sulphur is 0.098 wt.
%. Also, the humidity of the samples after 2 months at room temperature and the ash content 
Decomposition curves of MDs in different atmospheres
In order to get a better knowledge of the MDs decomposition behavior, thermogravimetric runs were performed in different atmospheres.
Runs for the TG analysis were carried out on a Mettler Toledo TGA/SDTA851e/SF/1100 Thermal Gravimetric Analyzer. The decomposition temperatures were measured under dynamic conditions in different atmospheres such as nitrogen and mixtures of nitrogen and oxygen (4:1 and 9:1) with a total flow rate of 100 mL min -1
. The experiments were carried out at heating rates of 5, 10 and 20 K min -1 for each atmosphere, from room temperature up to 1173 K. For each run, 6 ± 0.3 mg of sample were used.
Kinetic model optimization method (combustion)
Thermal decomposition of each of the five main plastics components and also of the MDs were studied under N2:O2=4:1 atmosphere (approx. synthetic air) in order to compare their decomposition curves.
The kinetic model proposed for thermal decomposition of each plastic component considers each material formed by one or two independent parts (depending on the plastic), each one following an independent reaction, as follows: From the mass balance between products and reactants and the conversion degrees, the kinetic equations for decomposition runs can be defined as follows:
with n i being the reaction order and the kinetic constants following the Arrhenius equation. For the sake of simplicity, and bearing in mind that a great variety of materials follow first order decompositions (Caballero and Conesa, 2011; Várhegyi, 2007) , all values of reaction orders have been maintained to unity, i.e., n i =1 in all cases.
For calculation of the total mass remaining a weighted sum is used:
The optimization was done by integration of the differential equations presented in the kinetic model by the Euler method considering and testing that the intervals of time were small enough to make the integration errors negligible. The optimization method of the function Solver in a Microsoft Excel spreadsheet was used to minimize the differences between the experimental and calculated mass fraction and their derivatives. The objective function (OF) to be minimized was:
Where 'p' represents the experimental data at time 't' in the experiment with a heating rate 'm'.
The value of M is the number of runs and P is the number of points in each run. The value of the 'factor' was arbitrarily chosen to be 10 +3 , in order to give similar contribution to the O.F. to the mass fraction differences and those of the derivatives. Note that with this methodology, a unique set of kinetic constants is calculated from the experimental curves obtained at different heating rates, and it gives kinetic constants valid for the whole set of heating rates used.
The points used for the kinetic analysis, have been selected according to techniques recommended by Caballero and Conesa (2005) so that the derivative of the points is calculated accurately and correctly, the points are equally spaced on a representation derivative of weight versus temperature and the fitting is simultaneous, with no variation of the kinetic constants, for at least three different heating rates.
With the objective of decreasing the great interrelation existing among the pre-exponential factor, the activation energy and the reaction order, the optimization was carried out using a "comparable kinetic constant" k i * instead of optimization of k i0 (Martín-Gullón et al., 2003) . * = 0 exp ( − ) (0.64)
In the previous equation, T max is the temperature where maximum rate of decomposition is experimentally observed, and n i =1 in the present calculation for all polymers.
In order to explain experimental curves, thermal decomposition in synthetic air of the MDs has been considered as a weighted sum of the decomposition of each of the five main constituents, in such a way that:
In the previous equation, w MD represents the calculated weigh fraction of the marine debris, and 'j' refers to each component (i.e. PET, PS, PE, PP and Nylon). In the equation f j0 represents the weight contribution of each of the components to the total weight.
Results
Characterization of MDs and pollutant content
The results for elemental analysis of a representative sample of MDs are presented in Table   1 . In this Table is also shown the humidity of the samples after 2 months at room temperature, the ash content and the halogen content of the sample; it is remarkable the high chlorine content (1,83 %), value that is logical bearing in mind that the sample comes from a saline environment. The Net Calorific Value (NCV) was 25.6 MJ/Kg.
Details of the analysis of PAHs, ClBzs, BrPhs and ClPhs are shown in Tables SI1, SI2 and SI3 of the Supporting Information. In general, reproducibility of analysis is difficult mainly due to the heterogeneity of the sample. The main PAH present in the sample is naphthalene with a content close to 100 ng/g. Total chlorobenzenes is in the range 180-215 ng/g, being 1,2-dichlorobenzene the most abundant isomer in two different samples. On the other hand, approximate chlorophenols content is 105 ng/g and bromophenols ranged 58-77 ng/g. As comparative data, in our laboratory total amount of chlorophenols measured in furniture wood waste (Moreno et al., 2016 ) is nearly 100 ng/g whereas not chlorobenzenes were detected.
Respect to the PAHs content, furniture wood waste presents a total amount of 645 ng/g whereas solid and pine wood does not present a detectable amount. This shows up that MDs is not a very contaminated waste, the only remarkable difference is the high amount of chlorobenzenes, which may be comparable to that found in vegetable soils (Song et al., 2012) or sediments of rivers (Cai et al., 2007) .
The results for the analysis of PCDD/Fs in the two samples of MDs mentioned above are presented in Table 2 . The total content of such pollutants is in the range 0,9-1,2 pg WHO-TEQ/g For the PCA nonequivalent toxic units were used, and the amount of each congener is normalized to the total amount of PCDD+PCDF. Figure 1 presents scatter plot and correlation between all profiles used and first two principal components. Note that MDs congener profile is similar to that found in MBM wastes, and also in air and soil samples from nearby areas, with a predominance of the hepta-and hexa-chlorinated congeners.
Results for the analysis of PCBs in the two samples mentioned above are presented in Table   3 . 
Decomposition curves in air atmosphere and kinetic model
Experimental curves for decomposition at 20 k/min of PE, PS, PP and PET together with the calculated ones can be seen in Figure 2 . For the calculated curves, and bearing in mind the form of each curve (Figure 2) , two different fractions (i=2) where considered in the case of PET, Nylon and PE, whereas a single fraction (i=1) was necessary to explain PS and PP decomposition.
The optimized parameters for each plastic material are presented in Table 4 . Figure 2 shows the calculated curves, which explain in a very convenient way the experimental results. In all the decomposition activation energies are in the range 120-230 KJ mol
, what is the range suggested in literature (Vyazovkin, 2000; Vyazovkin et al., 2011a) On the other hand, Figure 3 presents the thermal decomposition of the MDs in air atmosphere, at three heating rates. As can be seen, the increase of heating rate shifts the curve to higher temperatures, as usual in other materials.
As mentioned before, the calculation of the MDs decomposition curves, and bearing in mind that each plastic component has already been modelled, is merely to calculate the best values of f j0 in equation 6 (note that only 4 values are needed to be calculated). These are very reasonable contributions and explain very well the obtained curves at the three heating rates used in the present study (see Figure 3 ). Figure 4 shows the thermal decomposition runs at different heating rates in nitrogen and a mixture N 2 :O 2 = 9:1 (10 % Oxygen). As can be seen, bellow 480 -500 K actual atmosphere does not influence thermal degradation because the mass loss is due to vaporization of light components. In other temperature range, the presence of oxygen accelerates the decomposition, as it occurs in other materials (Font et al., 2011; Moliner et al., 2016; Niu et al., 2016) , and the mass loss is higher. The introduction of a richer oxygen atmosphere (Figure 3 , previous section) does not produce dramatic changes in the decomposition, and simply a slight acceleration respect to the 10 % oxygen atmosphere is observed.
Decomposition curves of MDs in different atmospheres
At these higher temperatures it does not occur volatilization but cracking, as the heavy molecules, which are more resistant to the thermo-degradation, are broken, yielding volatiles and char (carbonaceous residue) which accounts for the weight in the thermobalance. This residue is not decomposed in inert atmosphere but is fast oxidized in the presence of a reacting species as oxygen. For this reason, at temperatures over 700 K the mass loss rate is higher in combustion runs than in pyrolysis.
.
Conclusions
The present study shows up that MDs is not a very contaminated waste. The pollutant content is comparable to other wastes analyzed in our laboratory, or samples collected from rivers or vegetable soils studied by other authors. The sulfur content of the sample is very low and it is notable the high chlorine content, which can be explained by the presence of this waste in seawater.
This study is the first analysis of thermal decomposition performed on a sample of MDs. Our results revealed that below 400 -500 K, the atmosphere does not affect the thermal degradation. However, at temperatures between 500 and 800 K the presence of oxygen accelerates the decomposition, so the mass loss rate is higher in combustion than in pyrolysis. 
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